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a  b  s  t  r  a  c  t
Plant-parasitic  nematodes  substantially  damage  a  wide  variety  of  agricultural  crops  worldwide.  The
chemotaxis  of  nematodes  is  a key  factor  in  their parasitic  relationship  with  plants.  Therefore,  studies
on  nematode  chemotaxis  are  essential  for  devising  efﬁcient  and  environmentally  friendly  management
methods.  In this  paper,  we report  a new,  efﬁcient,  and  quantitative  method  to analyze  chemotaxis  of
the plant-parasitic  nematode,  Meloidogyne  incognita,  using  a gel-ﬁlled  microchannel  device. We  quanti-
tatively deﬁned  time-dependent  concentration  gradients  of chemicals  in  the  gel-ﬁlled  microchannel  by
measuring  changes  in  the  ﬂuorescence  intensity  of  ﬂuorescein.  We  also  developed  a protocol  to  allow  the
nematodes  to  move  around  in  the microchannels  by  loading  an  agarose  gel  with  optimum  concentration.icrochannel
olydimethylsiloxane (PDMS)
Using  this  novel  assay  method,  we  have  shown  that potassium  nitrate  (KNO3)  stimulates  the  behavior
of  M.  incognita  and  can have  both  repellent  and  attractant  effects,  depending  on  the  concentration  gra-
dient.  This  newly  developed  quantitative  chemotaxis  assay  method  can  be used to  screen  and  identify
new  candidate  molecules  that  repel  or attract nematodes,  and  also  to analyze  the  repellent/attractant
properties  of  those  molecules  toward  nematodes.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Plant-parasitic nematodes inhabit the soil in regions worldwide,
nd cause more than US $100 billion in crop damage annually [1–4].
eloidogyne incognita, one of most damaging plant-parasitic nema-
odes, causes signiﬁcant damage to agricultural crops by invading
lant roots. After penetrating the root, the nematodes migrate into
ascular cells and induce redifferentiation from root cells into feed-
ng cells known as “giant cells”. This root reconstruction event
ffects nutrient partitioning and water uptake in the host. To date,
he use of harmful pesticides, such as methyl bromide, has been
he only effective method to manage nematodes. To devise new,
ore environmentally friendly management methods, the use of
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.0/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
harmless chemicals to control nematode behavior might be an efﬁ-
cient way  to disrupt the parasitic relationship between nematodes
and plant roots. Thus, detailed studies on the chemotaxis of plant-
parasitic nematodes are essential for the development of new and
safer nematode management methods.
Several chemotaxis assays of nematodes on conventional agar-
ﬁlled dishes have been reported [5–8]. A speciﬁc polymer, Pluronic
F-127 gel, which allows nematodes to move around in three dimen-
sions as they do in soil, has also been used in an on-plate assay
[9–11]. In these assays, the nematodes and candidate chemicals
are applied to the agar plate and attractive/repellent properties are
deﬁned by tracking the behavior of nematodes over one or more
days. However, these on-agar-plate assays have several technical
issues that must be overcome before they can be used to quanti-
tatively evaluate chemotaxis. One of the major issues is that the
nematodes can move around both on the surface of the gel and
within the gel matrix; thus, it is difﬁcult to track and quantify
nematode behavior in detail. The other problem is that it is difﬁ-
cult to control the chemical conditions with high spatial resolution
because the sample molecules diffuse on and into the gel.
 under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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To overcome these issues, MEMS  (micro-electro-mechanical
ystem) technologies have great advantages based on scale effects
12]. The use of the MEMS  can drastically improve the precision
nd efﬁciency of chemical and biological analyses. For example,
ot only the position of the test organism, but also the local envi-
onment (temperature and chemical conditions) can be rapidly
ontrolled at a high spatial resolution by using various MEMS
evices such as a microheater [13,14] or a microchamber array
15,16], frequently coupled with a micro-nano manipulator [17,18].
n particular, microchannel-based systems, which are typical com-
onents of micro-total analysis systems (microTAS), have been
dapted for analyses of the biological and biochemical characteris-
ics of various types of biomaterials. Such analyses have been used
ot only in biomedical applications [19,20], but also in basic biolog-
cal assays [21,22], including those on nematodes. Air-ﬁlled micro
azes, which consist of poly-dimethylsiloxane (PDMS) microchan-
el devices on an agar plate, effectively conﬁne nematodes to a
eﬁned micro space. The micro maze technique has been used
o analyze the behavior [23] and the bacterial preferences [24] of
he nematode Caenorhabditis elegans. Other groups have reported
he use of PDMS microchannel devices with micro-pillar arrays,
hich physically support the nematode to crawl in the microscale
tructure, in neurobiology and behavior analyses [25] and in a
hemotaxis assay [26].
However, even using these methods, there are still signiﬁcant
hallenges for quantitative analyses of chemotaxis, because it is
ifﬁcult to estimate changes in chemical concentrations over time.
hen using devices with air-ﬁlled micro mazes, the chemical can
iffuse in three dimensions through the agar substrate. In the case
f pillar-integrated microchannel devices, the chemical substance
iffuses inside the complicated structure, and it becomes extremely
ifﬁcult to evaluate the chemical conditions. Moreover, movement
f the nematodes is restricted by the geometry of the micro-pillars.
In this study, we developed a new assay method to quan-
itatively analyze the chemotactic behavior of a plant-parasitic
ematode on a microchannel device ﬁlled with an optimized gel
edium. Using this new assay method, we quantitatively identiﬁed
hat KNO3 functions as a stimulant that both attracts and repels M.
ncognita, depending on its concentration.
. Materials and methods
.1. Microchannel device
The microchannel device has two micro-slits as target and refer-
nce slits, a T-shaped junction channel between the slits, chemical
nd nematode inlets, and narrow channel arrays between the
hemical inlets and the slits (Fig. 1). The microchannel arrays, which
re narrower than the body width of the plant-parasitic nema-
ode M.  incognita (tens of micrometers), prevented nematodes from
ntering the chemical inlet, but allowed a concentration gradi-
nt of the test substance to form in the target area as a result
f diffusion of the chemical injected into the inlet. The dimen-
ions of the microchannel array in this study were 5 m in width,
0 m in height, and 1000 m in length. For the chemotaxis assay,
he microchannel and chemical inlets were ﬁrst ﬁlled with a gel
edium that allowed the nematodes to move inside the micro-
lits and T-shaped junction channel. Then, a chemical solution was
dded into the chemical inlet on the side of the target slit. The
hemical substance then diffused through the narrow microchan-
el array to the target slit, where the nematodes were present.
inally, the attractant/repellent characteristics of the chemical sub-
tance were analyzed by comparing the number of nematodes
etween the target slit and the reference slit (Fig. 2).Fig. 1. Schematic illustration of poly-dimethylsiloxane-based microchannel device.
Nematode and chemical inlets are 4 mm in diameter and approximately 2 cm in
depth.
2.2. Microchannel device development
The PDMS microchannel device was constructed using a MEMS
soft lithography process. First, a micro-mold was  fabricated from
negative photoresist (SU-8 3025, MicroChem, Newton, MA,  USA)
and applied to a single crystal silicon substrate using a photolitho-
graphy process. A precursor of PDMS (Sylgard 184, Dow Corning,
Midland, MI,  USA) was  applied to the micromold and then degassed
in a vacuum chamber. After degassing, the PDMS precursor was
heated for 1 h at 90 ◦C and the coagulated PDMS structure was
peeled off from the substrate. Finally, through-holes for chemical
and nematode inlets were formed with a punch, and the PDMS
device was attached onto a glass substrate to form a microchannel.
2.3. Chemical gradient analysis
To quantitatively deﬁne the time-dependent concentration gra-
dient in the gel-ﬁlled microchannels, we used the ﬂuorescent
compound ﬂuorescein (Wako Pure Chemical Industries Ltd., Osaka,
Japan). We  chose ﬂuorescein because PDMS surface hardly adsorbs
ﬂuorescein, compared to other ﬂuorescent compounds such as
Rhodamine B [27], without any surface treatments. Thus, we  can
easily analyze the concentration distributions in microchannels by
measuring the ﬂuorescence intensity. In this experiment, the mea-
surement conditions in microchannels including temperature and
pH were considered as almost uniform because the observation
area was limited to a local region at the microscale.
We  used a power-free pumping method [28,29] to preliminary
load the agarose gel into the microchannels without connecting
the device to a syringe pump and external power source. Before
gel injection, the PDMS device was  kept in a vacuum chamber at
10 kPa for 1 h to degas the PDMS chip. First, 20-L 1% (w/w)  ultra-
low-melting agarose gel (A2576 Agarose Type IX-A, Sigma–Aldrich,
St. Louis, MO,  USA) was melted and injected into the chemical and
nematode inlets at room temperature (25 ± 2 ◦C). The agarose gel
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Fig. 2. Schematic illustration of in-gel chemotaxis assay. The attractant/repellent properties of the chemical condition were characterized by comparing the number of
nematodes between the target slit and the reference slit.
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f  PDMS chip. (B) Loading of agarose gel into microchannel as a result of negative p
n  nematode-inlet, and application of agarose gel including plant-parasitic nematod
utomatically entered the microchannel because of the negative
ressure generated in the channel by the evacuated porous PDMS
nd the microchannels were ﬁlled with the agarose gel. Finally,
e added 3-L 1.5 mM aqueous ﬂuorescein to one of the chemical
nlets and measured the change in ﬂuorescence intensity over time
t room temperature (25 ± 2 ◦C). To determine the quantitative
elationship between the ﬂuorescence intensity and the concen-
ration of ﬂuorescein in the microchannel, we loaded various
oncentrations of aqueous ﬂuorescein solution to the microchannel
nd measured the ﬂuorescence intensity under the same conditions
s those used for the time-course measurement.(A) Injection of agarose gel into chemical inlet and nematode inlet after evacuation
e generated by PDMS at atmospheric pressure. (C) Removal of gel initially injected
) Nematodes moving around in microchannel after gel coagulation.
2.4. Nematode chemotaxis assay
The protocol used to prepare the device so that nematodes could
swim in the microchannels is shown in Fig. 3. First, 20-L 1% (w/w)
ultra-low-melting agarose gel was injected into the chemical and
nematode inlets (Fig. 3A) and loaded into the microchannels by
the power-free pumping method at room temperature (25 ± 2 ◦C)
(Fig. 3B). After the microchannel ﬁlled with the agarose gel, the
gel was drained from the nematode inlet with a micropipette
to allow the nematodes to move rapidly into the microchannel
(Fig. 3C). Then, 20-L gel containing nematodes was  applied to the
1486 H. Hida et al. / Sensors and Actuators B 221 (2015) 1483–1491
Fig. 4. Concentration vs ﬂuorescence intensity of ﬂuorescein in the microchannel device. (A) Microchannel device ﬁlled with a uniform concentration of ﬂuorescein in
aqueous solution. (B) Relationship between concentration of ﬂuorescein in aqueous solution and ﬂuorescence intensity. a.u., arbitrary units.
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tematode inlet. The agar gel was allowed to coagulate at 5 ◦C and
he device was ﬁnally stored in the dark at room temperature
Fig. 3D).
After at least thirty nematodes moved into the micro-slits
qually, 3-L  chemical solution was injected into the chemical
nlet adjoining the target slit. When the test chemical was  added
o the chemical inlet, it diffused through the narrow microchannel
rray to the target slit. The attractant/repellent characteristics of
he chemical substance could be deﬁned by comparing the number
f nematodes between the target slit and the reference slit.
.5. Nematode preparation
Tomato (Solanum lycopersicum cv. Pritz) plants were inoculated
ith M.  incognita as previously described [30,31]. Brieﬂy, 4- to
-week-old tomato seedlings were inoculated with M. incognita.
noculations were repeated at 3-day intervals, a total of six times,
ith approximately 120,000 second-stage juveniles (J2) applied
o each tomato plant at each inoculation. The inoculated tomatoplants were then transferred to a hydroponic system, and J2-stage
nematodes were collected at 2- to 3-day intervals [32].
3. Results
3.1. Distribution of test chemical in the microchannel
We  measured the change in ﬂuorescence intensity at the tar-
get slit over time after applying an aqueous ﬂuorescein solution
(Fig. 4A). There was a linear relationship (R2 > 0.91; least squares
method) between the ﬂuorescence intensity and the concentra-
tion of ﬂuorescein in aqueous solution at the micro-slit (Fig. 4B).
The concentration of ﬂuorescein in aqueous solution was estimated
from the linear calibration equation. The ﬂuorescein applied to the
chemical inlet reached the target slit after 1 h, via diffusion through
the narrow channel array (Fig. 5A). We  estimated that the concen-
tration gradient at the target slit remained in a steady state for 4 h,
because the correlation coefﬁcient of the straight-line approxima-
tion R2 was approximately 0.9 (Fig. 5B). The concentration gradient
H. Hida et al. / Sensors and Actuators B 221 (2015) 1483–1491 1487
Fig. 5. Evaluation of chemical gradient at target slit. (A) Change in ﬂuorescence gradient at target slit over time after applying aqueous ﬂuorescein solution. (B) Time-course
of  concentration gradient developing at target slit. a.u., arbitrary units.
Fig. 6. Changes in the number of plant-parasitic nematodes at L- and R-slits over time (N > 10). Optical microscope images were enhanced, and nematodes were counted
using  image analysis software.
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oig. 7. Time-dependent nematode behavior with respect to KNO3 solution at vario
C),  and 9.9 mM (D). KNO3 at high- and low-concentrations functioned as a repellen
t the reference slit was much lower than that at the target slit, even
fter 12 h.
.2. Nematode behavior and chemotaxis assay
We  conﬁrmed experimentally that the nematodes could move
round by themselves in the gel-ﬁlled microchannels by optimizing
oncentration of the agarose gel. The coagulated agarose gel which
as the concentration ranging from 0.5 to 1% (w/w)  physically
upported the movement of nematodes in microchannels. Mean-
hile, the nematodes could not move around in microchannels
lled with 0.1% (w/w) coagulated agarose gel or only water without
xtra microstructures to support their movement. We  counted the
ematodes at both micro-slits to establish the pattern of nematode
ehavior without applying any chemical substances (Fig. 6). After
0 h, the number of nematodes was almost the same at both the
arget and reference micro-slits, and the population balance was
aintained until 48 h. Our results showed that there were equal
umbers of nematodes at the target and reference micro-slits, even
fter 48 h, when no chemical substances were present. These results
onﬁrmed that the attractant/repellent properties could be deﬁned
y comparing the number of the nematodes between the target and
eference slits after adding the chemical substances.
We tested the repellent/attractant properties of KNO3, which
s known to act as a repellent to the nematode M.  incognita [33],
sing the microchannel device. When a 990-mM KNO3 solution
as applied, the number of nematodes at the target slit continu-
usly decreased over 1 h, and remained at a low level for at leastcentrations (N > 4). Initial concentration of KNO3: 990 mM (A), 99 mM (B), 50 mM
 an attractant, respectively, toward Meloidogyne incognita. a.u., arbitrary units.
3 h (Fig. 7A). In contrast, when KNO3 was  applied at lower concen-
trations (50 and 99 mM), the number of nematodes at the target
slit increased over the ﬁrst 60 min, and then gradually decreased
thereafter (Fig. 7B and C). When KNO3 was  applied at an even lower
concentration (9.9 mM),  there were more nematodes at the target
slit than at the reference slit (Fig. 7D).
4. Discussion
We  conﬁrmed experimentally that the chemical concentration
gradient in the microchannel could be controlled by diffusion. This
was achieved by monitoring the changes in the ﬂuorescence inten-
sity of ﬂuorescein over time as it diffused from the chemical inlet.
The concentration gradient of ﬂuorescein at the reference slit was
much lower than that at the target slit, even after 12 h. Therefore,
the nematodes at the reference slit might not be affected by the
chemical substance in the chemotaxis assay. During the develop-
ment stage of a concentration gradient, the diffusion rate of the
chemical compound is directly proportional to the value of the dif-
fusion coefﬁcient D, which can be estimated from the following
formula based on the Stokes–Einstein equation [34]:
D = ˛TM−0.6w
where  ˛ is the constant, T is the absolute temperature,  is the
viscosity of the medium, and Mw is the molecular weight of the
chemical compound. Using this formula, the estimated diffusion
rates of potassium ions (39.9 g mol−1) and nitrate ions (62 g mol−1)
were, respectively, about 3.6 and 2.7 times that of ﬂuorescein ions
H. Hida et al. / Sensors and Actuators B 221 (2015) 1483–1491 1489
Fig. 8. Analytical model of on-chip chemotaxis assay after applying KNO3 solution at high, medium, and low initial concentrations. (A) High initial concentration: steep
concentration gradient, repellent to Meloidogyne incognita, forms rapidly across entire target slit. (B) Middle initial concentration: high and low concentration gradients form
u  conce
d rough
(
m
w
n
i
v
o
w
b
t
c
t
t
a
a
t
t
tpstream and downstream, respectively, of target slit at an early stage, then high
evelopment. (C) Low initial concentration: low concentration gradient remains th
332.31 g mol−1). Based on these calculations and the experimental
easurement of the concentration distribution using ﬂuorescein,
e considered that the concentration gradients of potassium and
itrate ions at the target slit should reach a steady state approx-
mately 90 min  after applying aqueous KNO3 solution. Also, the
alue of the concentration gradient is proportional to the amount
f substance applied. When an aqueous solution of 990-mM KNO3
as applied, a strong concentration gradient formed within 1 h,
oth upstream and downstream of the target slit.
Fig. 8 shows an analytical model of the chemotaxis assay on
he microchannel device. When applying a relatively high initial
oncentration (990 mM)  of aqueous KNO3 solution, a steep concen-
ration gradient was generated both upstream and downstream of
he target slit at the early stage (Fig. 8A). As a result, KNO3 quickly
cted as a repellent against nematodes in the assay. When a moder-
te concentration (50 mM)  of aqueous KNO3 solution was  applied,
he concentration gradient was much lower at the early stage of
he assay (Fig. 8B). In that case, the gentle slope of the concentra-
ion gradient downstream of the target slit caused KNO3 to act asntration gradient becomes dominant (repellent to Meloidogyne incognita) during
out experiment.
an attractant at the beginning, but as a repellent at the later stage
after a steeper concentration gradient developed. When applying
KNO3 at a low initial concentration (9.9 mM), it acted only as an
attractant because the lower concentration gradient at the target
slit remained throughout all stages of the assay (Fig. 8C).
In experiments with potted plants, potassium ions and nitrate
ions functioned as repellents for the nematode [33]. However, it
is difﬁcult to analyze chemotactic behavior quantitatively using
the classical experimental system with potted plants. The new
method described here allows the researcher to deﬁne the con-
centration and its gradient precisely, and to perform a quantitative
chemotactic assay of nematode behavior. Our results showed that
KNO3 functioned as an attractant at a relatively low concentration
gradient; this could not have been determined using the con-
ventional experimental methods. On the other hand, number of
further experiments are required to identify other effective chem-
icals/biochemical and their optimal conditions to develop a new
nematode management method. To achieve this goal, large labor is
required by using the current microchannel device. We  believe that
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urther improvement in high-throughput efﬁciency and accuracy
f on-chip chemotaxis assay might contribute to improve global
gricultural environment in the near future.
In summary, we have developed a new assay method to ana-
yze chemotaxis of the plant-parasitic nematode, M.  incognita, using
 microchannel device. The device has target and reference slits
onnected by a T-shaped junction channel, chemical and nema-
ode inlets, and narrow microchannel arrays between the chemical
nlet and the slits. The microchannel arrays are too narrow for
he nematodes to enter the chemical inlet, but allow a concen-
ration gradient of the test substance to form in the target area
fter diffusing from the chemical inlet. Assays using the microchan-
el device conﬁrmed that KNO3 can function both as an attractant
nd a repellent, depending on the concentration gradient, toward
he nematode M.  incognita. These results suggest that we  might
e able to develop a novel management method based on control-
ing nematode behavior with chemicals. It may  be more important
o create and maintain an appropriate concentration gradient of a
epellant chemical, rather than an absolute concentration, in soil.
his technology could be applied in new on-chip chemical sensing
evices [35,36] using chemotactic behavior of the nematodes as a
ensing indicator. Furthermore, this method can be used for chemo-
axis assays of other worms, for example, C. elegans,  and might
ontribute to improve experimental methods for scientiﬁc research
nd/or industry.
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